Cellulases (reviewed in [l] ) act on a substrate which is totally insoluble in water. Although the consensus is that cellulose I is metastable with respect to cellulose 11, both forms of cellulose are clearly stable with respect to dissolved b(1-4) glucan: the barrier to solution is thermodynamic, not kinetic. The X-ray structures of cellulolytic enzymes reveal two general active site topologies:
Abbreviation used: CBH, cellobiohydrolase. the tunnel of the cellobiohydrolases and the cleft of the endoglucanases. Whilst the cleft topology might be compatible with direct attack at the edge of a cellulose crystallite, this mode of action appears unlikely since the endoglucanases act preferentially if not exclusively on amorphous cellulose. Consequently, the glucan chain must be lifted from the surface of a cellulose crystallite before the glycosidic bond is cleaved; this requires energy. Since purified cellulases can hydrolyse cellulose in the absence of other activities, the only possible source of the energy to raise the glucan from the cellulose crystallite is the hydrolysis of the glucan link. There is both indirect and direct evidence that the cellobiohydrolases are the molecular machines that couple the hydrolysis of the glucan link to crystallite disruption. T h e indirect evidence is that the cellobiohydrolases (CBH) appear to be both kinetically inefficient and mechanistically peculiar compared to other glycosidases when hydrolysing soluble substrates, whilst extensive data on the experimental evolution of a fairly typical glycosidase, the ebg b-galactosidase of Escherichia c-oli, indicate that single evolutionary events can change kinetic parameters by an order of magnitude as well as altering significantly the transition state structure. The direct evidence is that at least CBHII can incorporate radiolabelled cellobiose into Acetobacter xylznuin cellulose under conditions where reversal of glycoside hydrolysis in free solution is strongly disfavoured thermodynamically.
Inefficiency of the cellobiohydrolases
When the inverting, single displacement CBHII acts on a series of soluble cello-oligosaccharides, the maximal k,,, of around 10 s-' is observed with cellohexaose, with k,,,/k,,, values constant at around 10" M-' s-' [Z] . The second order rate constants probably represent a non-covalent process, but the k,,, values are low compared to a 'standard' exo-acting inverting glycosidase such as glucoamylase. With Aspergillus glucoamylase, and possibly also CBHII, the release of the leaving group saccharide governs k,,, [3] . A more informative comparison, where with at least the faster enzyme there is evidence that the single bond-breaking step dominates the chemistry, is between the glycosyl fluorides corresponding to the smallest saccharide recognized by the enzyme: here a k,,, value of 730 s-' for hydrolysis of a-glucosyl fluoride by glucoamylase [4] compares with one of 4 s-' for hydrolysis of [&cello-biosyl fluoride by CBHII [5] .
In the case of the retaining, double-dis- 
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Mechanistic peculiarities of cello bio h yd rolases
Most inverting, single-displacement glycosidases will hydrolyse the 'wrong' glycosyl fluoride by the Hehre reverse-protonation mechanism [ 13. The normal mechanism of inverting glycosidases involves general base catalysis of the nucleophilic attack of water by an enzyme carboxylate B-COO-, with leaving group departure being assisted by another enzyme carboxylic acid A-COOH. In the Hehre mechanism the fluorine of the 'wrong' fluoride mimics the nucleophilic water and its departure is assisted by at least hydrogen bonding from B-COOH. However, crucially, two saccharide molecules are bound to the enzyme and one of the hydroxyl groups of the second saccharide attacks the wrong fluoride, assisted by A-COO-. T h e process generates an 0-glycosidic link of the 'right' configuration, which is hydrolysed in the normal way. CBHII, however, hydrolyses r-cellobiosyl fluoride to a-cellobiose by a mechanism in which only one molecule of the fluoride is bound to the enzyme (the kinetics are Michaelian and the reaction is inhibited, rather than stimulated, by cellobiose) [5] . This appeared to be in accord with the view that CBHII was unique in having no group suitably placed to act as B-COO-, permitting the operation of an 'internal return' mechanism for hydrolysis of a-cellobiosyl fluoride similar to those observed in the non-enzymic solvolyses of a-glucosyl fluoride. The attack by the OH of a second saccharide, catalysed by A-COO-can still, in principle, occur and we have shown recently that cellotriose feebly (2. Although in CBHII it appears that Asp-401 is too far away from the reaction centre to act as I 62 a general base, its homologue in another family 6 enzyme, CenA of Cellulomonas Jimi, has been shown to so act in this respect [6] . A possible other candidate for the general base, acting in a 'side-on' fashion, is Asp-175, but work with the Asp-l75+Ala mutant now rules this out. The mutant's relative effectiveness on a-and ,%cello-biosyl fluoride is the same as wild-type, whereas, given that fluoride ion does not require protonation to leave, eliminating any BCOO-group should have a much greater effect on the hydrolysis of the P-fluoride than that of the a form (D. Becker, A. Koivula, M. L. Sinnott and T. T.
Teeri, unpublished work, 1997).
Not only glycosyl fluorides, but 1 -fluoroglycosy1 fluorides, in which the anomeric hydrogen has been replaced by a second fluorine, are glycosidase substrates. Since the effect of the second, initially non-departing fluorine is very largely electronic, the ratio of second-order rate constants for hydrolysis of the fluoride and the corresponding 1 -fluoroglycosyl fluoride are a measure of the charge development on the glycone at the first enzymic transition state. AAGS values (AAGS = RTln{ (~~n , /~M ) F / (~c n , /~m )~~} ) , like a-deuterium kinetic isotope effect measurements, measure transition state oxocarbenium ion character, but with much higher resolution [4] . AAGS values vary from enzyme to enzyme, but for all retaining glycosidases so far examined (except CBHI) they have been less than the value obtained from the spontaneous hydrolysis rates in free solution (26 kJ mol-' for the equatorial monofluoride). However, no hydrolysis of l-fluorolactosyl fluoride could be detected with certainty, enabling a lower limit of AAGS of 32 kJ mol-' to be estimated, and implying more oxocarbenium ion character in the transition state of the CBHI-catalysed reaction than in the spontaneous one (M. Weber, N. Sweilem, M. L. Sinnott and A. Vasella, unpublished work).
Single evolutionary events can bring about large changes in both kinetics and transition state structure The second (ebg) p-galactosidase of Escherichia coli is a convenient vehicle for the study of evolutionary changes in enzymes brought about by defined selection pressures. The retaining, double-displacement enzyme mechanistically and structurally resembles the better known lac2 enzyme (50% nucleotide identity), except for the presence of a small subunit in ebg which is required for full activity: the fully active enzyme has an a4p4 quaternary structure, although the a4 enzyme, without the small subunit, has significant activity [7] . The wild-type enzyme, ebg", is too catalytically feeble to permit growth on lactose, but selection on lactose as sole carbon source can result in strains with changes (in the a subunit) denoted a (Asp-92-Asn) and b (Trp977+Cys). Further selection of ebg"-containing strains on lactulose, or ebgb-containing strains on galactosylarabinose, results not only in ebgnb, with both mutations, but additional mutations c (Ser-979+Gly in the a subunit) and d (Glu122+Gly in the /3 subunit). A third round of selection can introduce the e mutation (Glu93+Lys in the a subunit). These mutations are spontaneous, and therefore their kinetic and mechanistic consequences give a benchmark for the type of changes that could be expected in a glycosidase as a consequence of a single evolutionary event. From the data in Table 1 , it is clear that dramatic changes are possible in kc,,/ K,,, for the primary substrate (row 1) [8], rate of hydrolysis of the glycosyl enzyme intermediate (row 2) [9] , first transition state oxocarbenium [9] . These changes provide circumstantial evidence that the cellobiohydrolases are not under selection pressure to evolve towards conventional glycosidases.
Reversal of cellulose hydrolysis catalysed by cellobiohydrolase II
If the cellobiohydrolases are indeed enzymes which couple the free energy of hydrolysis of a glucan link to crystallite disruption, then it should, in principle, be possible to observe the reverse process: the synthesis of cellulose in the presence of a crystalline cellulose template, under conditions where the reversal of glycoside hydrolysis in free solution is thermodynamically disfavoured. Since enzymes catalyse reactions in both directions, the crystallization of cellulose should be able to drive the synthesis of the glycan link, in the microscopic reverse of the normal method of operation, in which the hydrolysis of the link is used to drive crystallite disruption. Figure 1 shows the results of attempts to detect this process with CBHII. Varying concen- The data show clearly that radioactivity is incorporated in a time-and concentrationdependent manner. Controls in the absence of enzyme, or with bovine serum albumin, showed apparent incorporation of at least an order of magnitude less. The analogous experiment with CBHI, however, shows an approximate 2-fold increase over controls at early times, but this then decays to the control value [ll] . Whatever the origin of the CBHI results (and it is tempting to relate it to a possible processive mode of action), they do serve as controls for the results with CBHII. Possible incorporation not associated with the process we postulate (i.e. occlusion by proteins bound to cellulose irreversibly via a cellulose binding domain; reversal of hydrolysis in free solution with unlabelled cellobiose arising from hydrolysis of cellulose; greater physical adsorption on to the cellulose because of the cracks in the cellulose crystallite brought about by the cellobiohydrolase) should be observed to similar extents with CBHI and CBHII. The simplest explanation is that at least CBHII does indeed couple the hydrolysis of the glucan link to cellulose crystallite disruption. Cellulose, a linear, essentially insoluble 8-1,4-glucosidically linked polymer with a size of many thousand glucose units, is one of the main components of plant materials. Many micro-organisms can degrade this polymer; they produce many different cellulases which differ in both their mode of action and their overall folds. Fungal organisms which degrade cellulose produce many different cellulases which can be classified into families according to their sequences [ 13. The saprophytic fungus Humicola insolens produces seven different cellulases which belong to five different families (family 5, 6, 7, 12 and 45); it produces one endoglucanase (EG) from each family and two cellobiohydrolases (CBH) from two different families (6 and 7) [2,3]. One of the best characterized cellulolytic fungi, Trichodema reesei, produces at least six cellulases [4] .
T h e catalytic activity of cellulases can be determined by many different methods. However, the real substrate, cellulose, is heterogeneous and contains both amorphous and crystalline areas; the cellulases will have different reaction rates depending on which part of the structure they degrade. T h e cellulose binding domain (CBD) present in many cellulases can also result in non-productive binding. For accurate kinetic determinations, the ideal substrate should be soluble; for enzymatic characterization of fungal cellulases, soluble cellohexaitol and carboxy methyl cellulose (CMC) have been used. For obtaining information on the apparent kinetics of an insoluble substrate, the insoluble phosphoric acid swollen cellulose (PASC) was chosen as the most amorphous and homogeneous cellulose.
T h e activity of the cellulase on the different substrates was assessed by measurement of the formation of reducing end groups after 20 min incubation using the PHBAH method modified from Lever [5] . Alternative in situ steady state kinetics were obtained by using a coupled assay using an oxidoreductase enzyme and an electron acceptor chromophore [2,3]. Cellulases can be cloned by expression cloning in yeast as described [6] . An alternative cloning strategy is to use molecular cloning with PCR techniques and use the best conserved amino acid residues for construction of primers [7] . Using both methods family 45-homologous cellulases have been cloned recently from Acremonium sp., Aspergillus aculeatus, Crinipellis scapula, Fusarium oxysporium, Macrophomina phaesola and Myceliophthora thennophila.
The family 45 fungal cellulases are characterized by a catalytic domain of 202 and 214 amino acid residues which fold as Himicola insolens EG V (Ce145) [8] . T h e native structure of Humicola insolens Ce145 was solved in 1993 [8] , and later, three other structures were solved, two of which contained substrate bound in the active site [9] . The family 45 endoglucanases consist of an active site which is a long shallow groove about 40A long, giving space for seven glucose units (subsite -4 to +3). During catalysis the groove becomes covered by a flexible 1oop.The kinetic data obtained with six family 45 cellulases (described above) indicate that they have the highest activity on PASC [7] . Using a shorter substrate such as cellohexatiol, the catalytic rate is reduced (because the seven subsites are not covered by this substrate) [7] .
The catalytic core of family 45 cellulases is linked to a CBD at the C-terminus via an 0-glycosylated linker region. The structure and flexibility of the linker region is not known, but all fungal CBDs have high sequence similarity indicating the same three-dimensional structure as the CBD from Trichodema reesei CBHI
